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EPIGRAPH 

Epigraph 

 

 

 “I think it's much more interesting to live not knowing than 

to have answers which might be wrong. I have approximate 

answers and possible beliefs and different degrees of uncertainty 

about different things, but I am not absolutely sure of anything and 

there are many things I don't know anything about, such as 

whether it means anything to ask why we're here. I don't have to 

know an answer. I don't feel frightened not knowing things, by 

being lost in a mysterious universe without any purpose, which is 

the way it really is as far as I can tell.” 

-Richard P. Feynman 
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ABSTRACT OF THE DISSERTATION 

Abstract of the Dissertation 

The versatile role of V-type ATPases in the physiology of marine diatoms 

 

by 

 

Daniel Patrick Yee 

 

Doctor of Philosophy in Marine Biology 

 

University of California San Diego, 2020 

 

Professor Martin Tresguerres, Chair 

 

 Diatoms are among the most successful group of phytoplankton in the oceans and produce 

up to one-fifth of earth’s primary production.  Their high productivity and ability to form dense 

blooms have a proportionately large impact on the ecology and biogeochemistry of the oceans. 

Diatoms possess unique traits that collectively help them outcompete and out-survive other 

phytoplankton which include a cell wall made of biosilica called the frustule, a robust carbon 
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concentrating mechanism (CCM) for photosynthesis, and large vacuoles that allows them to store 

high amounts intracellular nutrients. While these strategies is generally recognized, the cellular 

and molecular mechanisms for these traits are not well understood. Leveraging modern tools in 

molecular biology and subcellular imaging, this study investigates the function of the 

evolutionarily conserved proton pump and pH regulation enzyme V-type H+ATPase (VHA) in the 

physiology of diatoms.  

 The VHA proton pump was found to localize in the membranes of three distinct organelles 

in the marine diatom Thalassiosira pseudonana including silica deposition vesicles (SDVs), 

chloroplasts, and vacuoles. In the SDV, VHA promotes silica biomineralization by maintain acidic 

pH and helps traffic the structural proteins which guide frustule morphology. This investigation 

also revealed that vacuole play a role in translocating VHA and donating membrane to the SDV. 

In chloroplasts, VHA was found to support a carbon concentrating mechanism (CCM) to enhance 

photosynthesis. The activity of VHA in the CCM was found to respond dynamically to irradiance 

and DIC, and was also confirmed in the coccolithophore Emiliania huxleyi, but not in the 

chlorophyte Chlorella. Collectively, these results suggest that a VHA mediated CCM maybe a 

conserved mechanism of secondary endosymbiosis of red algal symbionts. The VHA proton pump 

was prominently found in diatom vacuoles at various stages of the cell. Inhibition of VHA 

increased pH in the vacuole, suggesting it actively pumps protons to support the various functions 

of the vacuole including nutrient storage and generating buoyancy for the cell.  In combination, 

these results show a vital role for pH regulation by VHA in multiple aspects of diatom biology 

which are key to their competitive success.  
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CHAPTER 1 

Chapter 1: General Introduction 

General Introduction 
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1.1 Background 

Evolution and ecology of diatoms. Diatoms are a major group of unicellular microalgae 

from the phylum heterokontaphyta which evolved ~275 million years ago following the 

endosymbiosis of red alga by a eukaryotic host (1, 2). Fossil records suggest that diatoms gained 

dominance in the world’s oceans ~70 million years ago during the Late Cretaceous period (3) as 

Pangaea began to rift and more nutrients flowed into the oceans. With over 100,000 predicted 

species (4) annual diatom production greatly impacts the biogeochemistry of earth’s oceans and 

atmosphere. Inhabiting both freshwater and marine ecosystems, diatoms are responsible for up to 

20% of the primary production on the planet and around 40% of the carbon fixed in the oceans (5, 

6). Their high rates of growth, especially in upwelling regions of the ocean, make diatoms major 

biogeochemical cyclers of silica, carbon, nitrogen, phosphorous, and iron (7, 8). Diatoms are 

significant contributors to the biological carbon pump and marine food webs (9, 10), for example, 

forming the base of the short trophic chain between krill and baleen whales in the Southern Ocean 

(11).  

In high-nitrogen low-chlorophyll (HNLC) waters phytoplankton blooms can be stimulated 

by iron and silica availability (12, 13). These blooms can last for several months and are often 

dominated by diatoms which can account for up to 75% of the primary production and over 50% 

of the biomass (12, 14). While diatom biomass is important for biogeochemical processes and 

trophic cascades, negative impacts come in the form of harmful algal blooms, especially by 

diatoms which produce toxins (15). The neurotoxin domoic acid is produced by several blooming 

species of Pseudo-nitzschia and is known to cause amnesic shellfish poisoning in mammals (16–

18).  
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 Molecular biology of diatoms. In the last two decades, the genomes of 8 diatom species 

have been sequenced (19–26) and have significantly advanced our understanding of diatom 

molecular biology and evolution. In addition to the plastid genome inherited from red algal 

endosymbiont, the nuclear genome of diatoms is composed of genes derived from green alga and 

bacteria (27). It is from this metropolitan gene pool that diatoms have evolved unique strategies 

for survival such as the use of silica as a substrate for growth, a carbon concentrating mechanism 

(CCM) for photosynthesis, and the ability to concentrate nutrients intracellularly and outcompete 

their competitors.   

Diatom cell walls. A defining characteristic of diatoms is their silica cell wall called the 

frustule which vary in shape and size depending on species. The morphology of the frustule divide 

diatoms into two main groups, centric diatoms are characterized by radial symmetry while pennate 

diatoms have bilateral symmetry. Compared to free-living centric diatoms, some pennate diatoms 

can colonize substrates and glide across surfaces by excretions from a slit in the cell wall called 

the raphe (28). Despite the diversity in diatom morphologies, the general architecture of the 

frustule is conserved and consists of a hypotheca and epitheca. Each theca is composed of a valve 

and a series of overlapping rings of girdle bands which form a junction between the two theca (29). 

On the surface of valves are species-specific patterns of meso- and nanoscale structures such as 

ribs and pores formed through an organized amalgam of silica particles ranging from 20-200 nm 

in size (30). Altogether, the frustule provides several advantages including mechanical protection 

from grazing (31), increasing nutrient uptake through pore structures, altering incident light to 

promote photosynthesis (32, 33), and the use of silicic acid as an abundant substrate for growth.   

Diatoms synthesize their frustule intracellularly under strict biological control. Synthesis 

of the frustule begins by the uptake of silicon in the form of silicic acid from the environment by 
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passive diffusion (34) and silicic acid transports (35, 36). Silicic acid is biomineralized into silica 

within the silica deposition vesicle (SDV), a subcellular compartment defined by a membrane 

called the silicalemma (37). Valves and girdle bands are produced in their own specific SDVs and 

get exocytosed out of the cell once the biomineralization process is complete. The cytoskeleton is 

speculated to orchestrate interactions between various silicification proteins located throughout 

the silicalemma (38). While transcriptomic approaches have identified hundreds of potential 

silicification genes (39) only a handful have been characterized so far.  

Embedded within the frustule is an organic matrix of polysaccharides, proteins, and 

peptides which were categorized into ammonium fluoride soluble and insoluble fractions (40). The 

silicification proteins that have been identified in the soluble fraction are the silaffins, silacidins, 

as well as long-chain polyamine peptides (41–43). Meanwhile only cingulin proteins (40) have 

been identified from the insoluble fraction so far. A third group of silicification proteins are located 

in the silicalemma and include the silicanin-1 (Sin1), silicalemma associated protein (SAPs), and 

V-type H+-ATPase (VHA) which have all been shown to participate in biosynthesis of frustules 

(44–46).  

Carbon concentrating mechanisms of diatoms. Compared to photosynthesis on land, 

aquatic photosynthesis is limited by the availability of dissolved CO2. Carbon fixation is carried 

out by ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) concentrated in the pyrenoid 

of chloroplasts. Enzymatic assays have shown that RuBisCO requires over 25 M CO2 to saturate 

its binding affinity for carboxylation (47). Under ideal conditions, seawater in equilibrium with 

the atmosphere contains about 10 M CO2 (48) which is below the saturation constant of RuBisCO. 

Therefore, many eukaryotic phytoplankton including diatoms have evolved a CCM for 

photosynthesis. The goal of the CCM is to concentrate CO2 around the pyrenoid to promote fast 
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rates of photosynthesis, diatom plastids are surrounded by four membranes consisting of the inner 

and outer chloroplast envelopes, the periplastid membrane, and chloroplast endoplasmic 

reticulum. These last two membranes are remnants from the phagocytosis of a red algal ancestor, 

and are believe to provide diatoms a competitive edge in photosynthesis by trapping CO2 (49).  

 Current knowledge supports two types of CCMs in diatoms, one involving the transport 

and interconversion of CO2 and HCO3
-, and another involving the shuttling of four carbon (C4) 

compounds via Crussalacean acid metabolism (CAM) enzymes. For the former, carbonic 

anhydrases and solute carrier 4 (SLC4) bicarbonate transporters have been studied in both pennate 

and centric diatoms (50–52) and support a mechanism of shuttling HCO3
- and promoting diffusion 

of CO2 through multiple layers of the plastid to enhance photosynthesis. Meanwhile, the operation 

of CAM based CCM in diatoms is still debated. While diatoms possess all the necessary CAM 

enzymes and inhibition of one these enzymes has been shown to reduce photosynthesis (53), 

localization data for several of these proteins do not support the operation of this type of CCM (54, 

55). 

Vacuolar function in diatoms. Diatoms possess large vacuoles which are considered to 

serve many functions which include providing buoyancy and storing nutrients. It has been 

suggested that large vacuoles in combination with their silica shells enable a strategy for diatoms 

to remain physically large to avoid predation while remaining metabolically small via a reduced 

cytosol (56). Without the vacuole to provide buoyancy, diatoms will sink under the weight of their 

frustules. It has been shown that diatoms can migrate through the water column by accumulating 

‘light’ and ‘heavy’ osmolytes, such as ammonium or nitrate respectively (57). Diatoms have been 

observed to accumulate high amounts of intracellular nitrogen (58) and phosphate (59) which has 

long been seen as strategy to sequester nutrients from competitors and promote fast growth rates. 
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So far only iron (60) and chrysolaminarin (61) have been localized within diatom vacuoles, but 

nitrogen and phosphate are likely to be stored there as well. While diatom genomes possess many 

of the enzymes to transport these various nutrients and osmolytes, few studies have been able to 

identify their location and even fewer have characterized their functions in diatoms. 

Acid-base regulation by V-type ATPase. Control of intracellular pH is essential for 

facilitating many biological processes within cells. The conserved eukaryotic proton pump, VHA, 

is a multi-subunit protein complex consisting of a ~650 kDA cytosolic V1 domain composed of 

eight subunits A-H,  and a ~260 kDA membrane bound V0 domain composed of  subunits a, d, e, 

c, c’, and c’’(62). While the V1 domain facilitates the hydrolysis of adenine triphosphate (ATP) to 

power the molecular machinery, the V0 domain contains a proteolipid ring for translocating 

hydrogen ions across membranes. Though structurally and mechanistically similar to a family of 

F-type ATPases, VHA exclusively functions in the hydrolytic direction. The modification of 

intracellular pH by VHA can affect protein folding and enzymatic activity, while pumping H+ can 

generate electrochemical gradients and proton motive forces to facilitate membrane transport, 

enabling VHA to serve in diverse functions in the cell. 

VHA was first identified in regulating pH within neurosecretory vesicles of mammalian 

chromaffin granule cells (63). Since then, VHA has been shown to participate in many roles such 

as bone dissolution, renal acidification, tumor metastasis, enzyme secretion, blood pH 

homeostasis, lysosomal protein degradation, plant osmoregulation, and carbon concentrating 

mechanisms for photosynthesis (64–69). Studying the function of VHA across diverse organisms 

is aided by the availability of several highly specific inhibitors. The most common VHA inhibitors 

used are bafilomycin and concanamycin A which are effective at nanomolar concentrations and 

interfere with the mechanics of the -c subunit in the proteolipid ring of the V0 domain (70–72). 
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Two other inhibitors are, FR177995 which was demonstrated on rat osteoclasts (73), and 

KM91104 which was shown to interfere with the association of the -a and -B subunits belonging 

to the V0 and V1 domains, respectively (74).  

Because VHA is a reversibly assembled holoenzyme and is composed of different subunit 

isoforms, its activity can be regulated in several ways. In yeast, the pump was shown to be switched 

on and off by the reversible attachment of the hydrolytic V1 domain to the pumping activity of the 

V0 domain (75). The composition of subunit isoforms has shown to impart differential targeting 

of VHA to different tissues and subcellular compartments. In plants, it was shown that several 

VHA c subunits are differentially localized between roots and shoots (76). These spatial and 

activation related regulatory mechanisms enables multilevel control of VHA in the cell. 

Role of acid-base regulation in the physiology of diatoms. Within the diatom cell, there 

are several subcellular compartments which can host the proton pump, including the SDV, 

chloroplast, and vacuole. The biomineralization of silica in SDVs is known to take place under 

acidic conditions which aid in the nucleation and aggregation of silica polymers (77). While a 

previous study has demonstrated a role for VHA in frustule development, the mechanism was not 

able to be identified (78). In chloroplasts, high rates of photosynthesis are supported by a CCM 

and it has been previously hypothesized that proton pumping within the chloroplast ER could help 

promote CO2 accumulation at the pyrenoid (49). The current model for the diatom CCM includes 

the combined activity of carbonic anhydrase and SLC4 bicarbonate transporters. The presence of 

VHA to acidify the chloroplast could enhance the function of these enzymes and build a more 

robust CCM. Lastly, the presence of VHA diatom vacuoles could aid in shuttling a variety of 

nutrients and osmolytes through the tonoplast. The VHA proton pump has been identified in 

energizing the transport of various molecules such as nitrate and iron in the vacuoles of plants and 
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other single celled eukaryotes. Therefore, VHA is likely to be involved in similar functions within 

diatom vacuoles.  

1.2 Outline of the Dissertation 

At the outset of this research, the role of VHA in diatoms was limited to three studies in 

the pennate diatom Phaeodactylum tricornutum. The first study identified a role in cell wall 

synthesis by demonstrating reduced frustule development in cells treated with concanamycin A 

(78). A second study evaluated diatom genomes and identified the various subunits and isoforms 

of VHA, and also produced a GFP tagged VHA-c subunit localized to the endoplasmic reticulum 

(79). The last study measured a decrease in cellular lipid production when cells were cultured with 

the VHA inhibitor, bafilomycin (80). While these studies implicated VHA in several physiologies, 

its mechanisms and functions remained a mystery. Therefore, the goal of this dissertation is to 

describe how pH regulation by VHA in different subcellular locations facilitate various 

physiological mechanisms within diatom cells.  

The characterization of VHA was carried out in the marine diatom Thalassiosira 

pseudonana, which is a model organism that carries implications for all diatoms species and 

therefore their influence on the ecology and biogeochemistry of earth’s oceans and atmosphere. 

Development of a transgenic cell line of T. pseudonana expressing the VHA subunit B tagged with 

enhanced green fluorescent protein (eGFP) was pivotal for targeting VHA in multiple cell 

membranes and studying its functions. This dissertation can be broke down into three distinct data 

chapters whose objectives are as follows: 

Chapter 2: Identify the role of VHA in silica biomineralization by SDV membrane 

localization, observe intracellular membrane dynamics of live cells, measure the effects of VHA 

inhibition in cell growth, activities inside the SDV, and valve morphology. 
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Chapter 3: Identify the role of VHA in photosynthesis by localizing VHA in the 

chloroplast, measure the effects of VHA inhibition on photosynthesis, and identify evolutionary 

linkages of a VHA mediated CCM within aquatic photosynthesis. 

Chapter 4: Identify the role of VHA in vacuolar functions by localizing VHA to the 

tonoplast, measure the effect of VHA inhibition on vacuole acidification, and generate hypothesis 

for the role of proton pumping in the vacuole for nutrient storage, buoyancy, and sexual 

reproduction. 
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Fig. 2.1: Diagram of a diatom underdoing cell division 
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Fig. 2.2: Subcellular localization of VHA to the SDVs and vacuoles of T. pseudonana 
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Fig. 2.3: VHAB protein and mRNA abundance 
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Fig. 2.4: Dynamics of VHA in the valve SDV 
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Fig. 2.5: Effect of concanamycin A on VHA localization  

Fig. 2.6: Time-lapse of VHA translocation in the valve SDV 
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Fig. 2.7: Time-lapse of VHA translocation in the girdle band SDV 
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Fig. 2.8: Localization of SAP1 +/- concanamycin A 
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Fig. 2.9: Effect of partial VHA inhibition on valve morphology 

 



 

28 
 



 

29 
 

 



 

30 
 

 

Fig. S2.1: Localization of VHAB in T. pseudonana 
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Fig. S2.2: Western blots for VHAB protein abundance in synchronized cell cultures 
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Fig. S2.3: Additional images of the effect of concanamycin A on VHA localization 
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Fig. S2.4: Additional images of localization of SAP1 +/- concanamycin A 
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Fig. S2.5: Additional images of the effect of partial VHA inhibition on valve morphology 
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Tresguerres, M. (2019). Dynamic subcellular translocation of V-type H+-ATPase is essential for 
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3.1 Abstract 

 The vast majority of contemporary marine eukaryotic phytoplankton species originated 

from a secondary endosymbiosis event with red algae, and as a result, their photosynthesizing 

plastids are surrounded by additional membranes derived from the ancestral phagocytic event. 

However, the physiological role and ecological advantage of these membranes remains largely 

unknown. Using fluorescent tagging and super-resolution confocal microscopy, we identified the 

conserved proton pumping enzyme V-type H+-ATPase (VHA) in the membranes surrounding the 

plastid of the marine diatom, Thalassiosira pseudonana. Analyses of O2-production and 14C-

fixation revealed that VHA activity was responsible for at least ~18% (and as much as 50%) of 

photosynthetic activity under the entire range of ecologically-relevant light intensities. Equivalent 

results in the diatom Phaeodactylum tricornutum and the coccolithophore Emiliania huxeleyi, but 

not the green alga Chlorella sp. suggested VHA is part of a carbon concentrating mechanism 

(CCM) around plastids acquired by secondary endosymbiosis. Based on the estimated contribution 

of eukaryotic phytoplankton, this VHA-powered CCM is responsible for at least 10% of annual 

primary production on earth. 

3.2 Introduction 

Diatoms are some of the most efficient photosynthesizers on the planet and account for 

~20% of earth’s annual primary production (1, 2). Well known for their ornate silica shells, 

diatoms can form dense blooms in nutrient-rich upwelling regions of the ocean (3, 4) and 

outcompete other phytoplankton by readily adjusting to a wide range of environmental conditions, 

which allow them to achieve fast and stable growth rates (5, 6). Like many other phytoplankton, 

diatoms operate a robust carbon concentrating mechanism (CCM) to saturate ribulose-1,5-

bisphosphate carboxylase/oxygenase (RuBisCO) with CO2 and maintain high photosynthetic rates. 
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The diatom CCM consists of carbonic anhydrases (CAs) distributed to the plasmalemma, cytosol, 

mitochondria, and chloroplast (7–9), and solute carrier 4 (SLC4) HCO3
- transporters in the 

plasmalemma (10).  In conjunction, these proteins move dissolved inorganic carbon (DIC) from 

the surrounding water to the site of carbon fixation. However, the driving forces for this transport 

and the mechanisms that influence internal pH -which has a key effect on carbonate chemistry and 

therefore on the efficiency of a CCM, remain unknown (11).  

Diatoms arose ~275 million years ago during an unprecedented CO2 minimum in earth’s 

atmosphere (12). The secondary endosymbiosis of a red alga by a eukaryotic host resulted in two 

additional membranes surrounding the original cyanobacterial ancestor: the periplastid membrane 

derived from the plasmalemma of the red algal symbiont, and the plastid endoplasmic reticulum 

(ER) derived from the phagosomal membrane of the heterotrophic host (13). More than two 

decades ago, it was hypothesized that these additional membranes and ensuing compartments 

would enable a proton pump to maintain an acidic environment around the plastid to concentrate 

CO2, thereby providing a selective advantage for success in a low CO2 atmosphere (14). More 

recently, an equivalent CCM has been identified in contemporary photosymbiotic corals and giant 

clams, in which symbiotic algae are kept within a compartment acidified by the proton pump V-

type H+-ATPase (VHA) (15, 16). Indeed, compartmentalization is a common strategy of 

symbioses that allows a host to control and mediate chemical exchange with the symbiont (17). 

Although plastids are fully integrated organelles of diatom cells, the physiological adaptations that 

persist to this day my help identify convergent strategies of evolution in aquatic photosymbioses. 

In this chapter, we investigate the role of pH regulation of the chloroplast by VHA and elucidate 

the evolution of photosynthesis in aquatic environments.  
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3.3 Results & Discussion 

The VHA proton pump is a conserved protein complex that hydrolyzes ATP to transport 

H+ ions across biological membranes against its electrochemical gradient. Consisting of a V0 

membrane domain and a V1 cytosolic domain, the activity of VHA can be regulated through 

maintenance as a reversibly assembled holoenzyme, localization in different cellular membranes, 

and supply of ATP (18, 19). In the marine centric diatom Thalassiosira pseudonana, mRNA 

expression of various VHA subunits ranged from 150 to over 10,000 FPKMs in actively growing 

and stationary cells, showing VHA is constitutively expressed (Fig. S3.1). Using transgenic T. 

pseudonana expressing VHA subunit B tagged with enhanced green fluorescence protein, we 

recently showed that VHA dynamically translocates between the cytoplasm, vacuoles, and the 

silica deposition vesicle (SDV) where it lowers pH and promotes silica biomineralization (20). 

Here, we report that VHA is also localized in the membranes surrounding the chloroplast of T. 

pseudonana (Fig. 3.1). Co-localization of VHA around the chloroplast marked with the acidotropic 

fluorescent dye PDMPO (21) suggests an acidification of the plastid microenvironment to ≤ pH 

5.5. At this pH, the majority of dissolved inorganic carbon (DIC) exists as CO2 which would help 

satisfy a CCM for photosynthesis. 

Similar to corals (15) and giant clams (16), pharmacological inhibition of VHA activity 

resulted in a significant decrease in photosynthetic O2 production in T. pseudonana (Fig. 3.2). To 

determine if this mechanism is conserved in other phytoplankton we also tested VHA inhibition 

on photosynthetic O2 production in the pennate diatom Phaeodactylum tricornutum, 

coccolithophore Emiliania huxeleyi, and green alga Cholorella sp. Three-day averages of gross 

oxygen production rates under control and concanamycin A treatments were calculated for each 

organism (Fig. 3.2A). We found that VHA enhanced oxygen production by an average of ~20, 16, 
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and 39% in T. pseudonana, P. tricornutum, and E. huxleyi, respectively, but had no effect in 

Chlorella (Fig. 3.2B). The latter species did not undergo a secondary endosymbiotic event, and 

therefore its plastids are not surrounded by additional phagocytic membranes present in diatoms 

and coccolithophores. Statistical significance of results were analyzed (Table S3.1), while culture 

conditions from this experiment are described in Fig. S3.2 captions. 

Overall, this result indicates VHA plays a conserved role in the CCM of a broad range of 

taxa. Because Chlorella was unaffected by VHA inhibition, we postulate that the presence of the 

third and fourth plastid membranes are required for this mechanism to take place. In addition to 

creating a compartment to trap acid and CO2, the phagosomal origins of theses membranes 

establish an evolutionary blueprint for possessing VHA (14). This is further supported by VHA 

playing a role in the CCM of photosymbiotic algae in corals and giant clams (15, 16). In these 

contemporary tertiary endosymbioses, the host derived symbiosome membrane is synonymous to 

the phagosomal membranes of the ancestral hosts of secondary endosymbionts and provides 

evidence for a convergent evolutionary strategy in aquatic photosynthesis.  

To confirm the role of VHA in promoting carbon fixation and not just O2 production, we 

generated photosynthesis versus irradiance (P-E) curves via incubations of T. pseudonana with 

14C-Na2CO3 in the presence or absence of VHA inhibitor. To mimic the range of environmental 

conditions found in nature, we tested irradiances ranging from 0 to ~1800 mols photons m-2 sec-

1, used culture media with different DIC and micronutrient conditions, and introduced DIC shifts 

away from ambient culture conditions to measure the response of VHA activity. In order to capture 

the various cell cycle stages and associated physiological statuses that occur during pre-blooming, 

blooming, and post-blooming periods, these incubations were performed over three consecutive 

days of culturing (Fig. S3.3-4). Curve fitting parameters were analyzed for statistical significance 
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difference between control and concanamycin A treatments (Table S3.2), while culture conditions 

for this experiment are described in Fig. S3.5 captions. 

A reduction in photosynthetic carbon fixation was measured in all conditions treated with 

concanamycin A, accounting on average for 23% of the total rate. Maximal photosynthetic rates 

varied over the three days of sampling reflecting changes in metabolic activity and DIC content of 

the media. Overall, P-E curves indicate T. pseudonana experiences little to no photoinhibition at 

high light, likely due to a robust xanthophyll cycle (22). Reductions in photosynthetic rate by VHA 

inhibition appeared to change in response to irradiance, suggesting VHA activity is sensitive to 

photosynthetic output. Analysis of P-E curves from FSW control treatments under ambient DIC 

showed an increase in cellular photosynthetic rates from day 1 to 2, and smaller increases at sub-

saturating irradiance levels between days 2 to 3 (Fig. S3.6A). In ASW medium, overall rates 

decreased over the three days correlating with decreasing DIC levels in the media (Fig. S3.6B). 

Despite the limitation of DIC in ASW, growth was similar between media (Fig. S3.5). To better 

reflect the contribution of  the CCM to photosynthesis, we recalculated these rates as a ratio to the 

DIC in the media and see that photosynthesis performed more efficiently under the most limiting 

DIC concentrations on day 3 compared to days 1-2 (Fig S3.6C-D), indicating a highly active CCM.  

For cells in FSW under ambient DIC, VHA contributed between ~14-20%, 14-21%, and 

32-38% of photosynthesis across the range of irradiances on days 1-3, respectively (Fig. 3.3A-C). 

When the same cells were exposed to lower DIC, there was an increase in VHA contribution to 

photosynthesis at sub-saturating irradiances up to 35%, 38%, and 52% on days 1-3, respectively. 

However, VHA contribution to photosynthesis decreased at higher irradiances, beginning at ~550 

mols photons m-2 sec-1 on days 1-2, and ~300mols photons m-2 sec-1 on day 3 compared to 

FSW with ambient DIC. This reduction in VHA contribution at higher irradiance may reflect a 
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point at which the energetic cost of VHA become detrimental. In ASW where DIC is naturally 

low, VHA contribution ranged from ~6-15% at sub-saturating irradiances and averaged ~10% at 

saturating irradiances across all days (Fig. 3.3D-F). When additional DIC was supplemented, VHA 

contribution to photosynthesis also increased to ~33-40% over the three days at sub-saturating 

irradiances, indicating an upregulation of the VHA activity for the CCM.  

For measurements in ASW and FSW under ambient DIC levels, there is less variability in 

VHA contribution to photosynthesis in response to irradiance (Fig. 3.3, black curves). However, 

modifying DIC resulted in dynamic shifts in VHA activity between low and high irradiances (Fig. 

3.3, red curves). Interestingly, there were large increases in VHA activity at sub-saturating 

irradiances (<500 mol photons m-2 sec-1) which better represents the light environment diatoms 

experience during blooms (23). Phytoplankton experience fluctuations in light as they migrate 

throughout the water column and it appears diatoms can modulate VHA activity to optimize 

photosynthesis in a dynamic light environment. Overall, these results not only confirm that VHA 

enhances photosynthesis by contributing to the CCM of T. pseudonana, but also demonstrate how 

diatoms modulate photosynthetic efficiency relative to energetic demand, irradiance, and DIC in 

the environment. 

3.4 Conclusion 

In addition to a silica shell and an active xanthophyll cycle for dealing with light stress 

(24), the operation of a steady and efficient CCM contributes to the competitive success of diatoms. 

The abiotic conditions that diatoms experience in nature are in constant flux, with light and DIC 

being the substrates most important to photosynthesis. For phytoplankton living in a low CO2 

atmosphere such as today, a more compartmentalized chloroplast enables cells to better optimize 

the conditions for photosynthesis irrespective of extracellular conditions. Given that VHA is 
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constitutively expressed throughout the cell cycle and is able to dynamically translocate in diatom 

cells (20), makes it well-suited to responding rapidly to environmental fluctuations and efficiently 

maintain high photosynthetic rates.  

Previous research has led to the development of model involving carbonic anhydrase and 

SLC4 bicarbonate transporters for the diatom CCM. In T. pseudonana carbonic anhydrases have 

been localized to the surface of the plasmalemma, cytosol, mitochondria, and chloroplast (7). 

Meanwhile in P. tricornutum, SLC4 bicarbonate transporters have been targeted to the 

plasmalemma (10), as well as chloroplast membranes (unpublished data referenced in (25)). Our 

results support the inclusion of VHA in this model which would further enhance the efficiency of 

the CCM. In the case for diatoms and coccolithophores, acidification of the lumen of the 

chloroplast ER and periplastid membranes would shift the equilibrium of imported HCO3
- towards 

CO2 and facilitate diffusion in towards the RuBisCO rich pyrenoid (Fig. 3.4). Additionally, VHA 

may also serve a dual role in providing the proton motive force to energize SLC4 transporters 

which are sodium dependent (11). Our results from identifying VHA in the role of the CCM also 

corroborates evidence showing VHA inhibition led to reduction in lipid accumulation in P. 

tricornutum which may have resulted from reduced photosynthetic production (26). 

Our study provides conclusive evidence that VHA participates in the CCM of diatoms and 

can enhance photosynthesis between ~18-50%. Given that diatoms account for a fifth of the earth’s 

primary production, we estimate that VHA activity is responsible for up to 10% of global 

photosynthesis. We also show that VHA enhances photosynthesis in coccolithophores, but not 

chlorophytes. Along with similar studies in photosymbioses of dinoflagellates with cnidarians and 

mollusks (15, 16), these results suggest an evolutionarily conserved VHA-dependent mechanism 

to enhance photosynthetic rate in photosymbiotic associations with phytoplankton from red algal 
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origins. Further experiments should continue to assess this mechanism in other aquatic 

photoautotrophs to elucidate the evolutionary underpinnings and assess the full contributions of 

VHA to global primary production.   

3.5 Methods 

Culturing and Growth Conditions 

Cultures of T. pseudonana (CCMP1335) expressing VHAB-eGFP were grown axenically 

in ASW medium (27) supplemented with 1 mM Na2SiO3 or with filtered seawater (FSW) from the 

Scripps Pier supplemented with F/2 nutrients (28), while cultures of P. tricornutum, E. huxleyi, 

and Chlorella were maintained in FSW only. Inoculum cultures were maintained in 50 ml volumes 

in 125 mL Erlenmeyer flasks on an orbital shaker under continuous illumination by cool-white 

fluorescent lamps at 70 mol photons m-2 s-1 at 18˚C. Inoculum grown to ~2x106 cells ml-1 were 

used to inoculate 1 liter bioreactor tubes bubbled with air and under continuous illumination by 

cool-white fluorescent lamps at ~100 mol photons m-2 s-1 at 18˚C at 1x105 cells ml-1.  

Daily measurements including cell counts, chlorophyll content, pH, and total CO2 (TCO2) 

were collected over the duration of all culturing experiments, and were used to calculate cellular 

chlorophyll content, specific growth rates, and carbonate chemistry. Cell counts were obtained on 

a Neubauer hemacytometer chamber in combination with a Zeiss light microscope. Chlorophyll 

was measured on a Turner fluorometer following overnight extraction in 100% methanol at -20˚C. 

Relative fluorescence units was recorded before and after the addition of two drops 0.1 N HCl. 

and total chlorophyll was calculated by the method described in Holm-Hansen et al. (29). 

Culture pH was measured using an UltraBASIC pH meter (Denver Instruments) equipped 

with an Orion glass pH electrode (ThermoFisher Scientific) calibrated with NBS standard buffer. 
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Total CO2 was measured using a Corning 965 Carbon Dioxide Analyzer with technical duplicates 

taken in between measurements of 10 mM Na2CO3 standards. Dissolved inorganic carbon (DIC) 

species in the cultures was calculated using CO2Sys_v2.1 (30) after inputting salinity, temperature, 

pH and TCO2 values.  

Transgenic diatoms expressing fluorescently labeled VHAB  

VHA subunit B labelled with eGFP was expressed under the control of the fcp promoter. 

For Thaps3_40522 (VHAB) the full-length coding sequence of the gene was amplified from T. 

pseudonana genomic DNA, and cloned into Gateway destination vector pMHL_79 with eGFP at 

the end of the coding sequence. The final vector was co-transformed with a pMHL_09 expressing 

the nat1 gene which confers nourseothriscin resistance by biolistic gene gun method (31). Liquid 

cultures grown in ASW medium containing 100 g/ml nourseothriscin were enriched for cells 

expressing eGFP using several rounds of fluorescence-activated cell sorting on a BD Influx Cell 

Sorter (BD Biosciences), from which single colonies expressing eGFP were selected for on ASW 

agar plates containing nourseothriscin.  

Transcriptomics 

The VHA mRNA expression levels Fragments Per Kilobase Million (FPKM) was acquired 

from transcriptomics analysis of RNAseq data collected from time-course experiments through 

silicon starvation and following silicon replenishment from biological duplicates of synchronized 

T. pseudonana cultures (32). Raw reads from individual samples were demultiplexed based on a 

perfect barcode match, and TopHat (v2.0.6) running Bowtie 2 (version 2.0.2) was used for strand-

specific mapping of RNAseq reads to the T. pseudonana reference genome assembly 

(Thaps3) obtained from the Joint Genome Institute (JGI): 
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(http://genome.jgi.doe.gov/Thaps3/Thaps3.download.ftp.html). Cufflinks (v.2.2.1) was used to 

assemble transcripts, and the assembly was used for AUGUSTUS gene model prediction. Raw 

counts to AUGUSTUS generated gene models were generated using htseq-count (HTSeq 0.6.1p1). 

Normalized counted and differential expression analysis was done using the DESeq2_1.6.3 

package. 

Fluorescence microscopy 

Super-resolution confocal microscopy was used for T. pseudonana expressing VHAB-

eGFP were stained with the acidotropic pH stain 2-(4-pyridyl)-5-((4-(2-dimethylaminoethyl-

aminocarbamoyl)methoxy)phenyl)oxazole (PDMPO); LysoSensor YellowBlue DND-160 (Life 

Technologies) at a final concentration of 0.125 M. Cells were then transferred to a 35 mm poly-

d-lysine coated glass bottom petri dish and mounted on a Warner Instruments QE-1HC Quick 

Exchange Heated/Cooled stage chamber controlled by CL-200 Dual Channel Temperature 

Controller maintained at 18 °C.  Cells were imaged with a Zeiss LSM800 inverted confocal 

microscope equipped with a Zeiss Plan-Apochromat 63× (1.4) Oil DIC M27 objective, and Zeiss 

Airyscan super-resolution detector. Z-stacks of three channels were acquired to monitor eGFP (Ex 

488 nm with 0.3% laser power, Em 509 nm, and detection 490-535 nm), PDMPO (Ex 335 nm at 

0.5% laser power, Em 530 nm, detection 550-650 nm), and chlorophyll (Ex 488 nm with 0.2% 

laser power, Em 667 nm, detection 450-700 nm) fluorescence.  

14C photosynthesis versus irradiance (P-E) curves 

Photosynthesis-irradiance (P-E) curves were generated by incubating cells in a modified 

14C bicarbonate incorporation technique by Lewis & Smith (1983). For FSW, lower DIC 

concentrations were reached by adding HCl and bubbling off CO2 with air, while for ASW, higher 

levels of DIC was reached by supplemental Na2CO3 addition. P-E incubations were carried out at 

http://genome.jgi.doe.gov/Thaps3/Thaps3.download.ftp.html
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18°C and at 18 irradiances ranging from 0 to 1804 mol photons m-2 sec-1 illuminated by a 150W 

tungsten-halogen lamp. Total photosynthetically available radiation (PAR, 400-700 nm) was 

measured in each chamber with a Spherical Micro Quantum Sensor US-SQS (Heinz Walz, 

GmBH). For each P-E curve, 100 l of a 1 mCi 14C Na2CO3 (Perkin-Elmer) solution was added to 

25 mL of diatom culture at a final concentration of 4 Ci ml-1. Spiked culture was aliquoted in 1 

ml volumes into 21 pre-chilled 7 ml borosilicate glass scintillation vials. Eighteen of these vials 

were illuminated for 1 hour in the P-E incubator while three remaining vials were immediately 

acidified with 150 l of 12N HCl to drive off inorganic carbon and determine background activity 

for time-zero (T0) samples. Three total radioactivity (TA) samples were generated by combining 

50 L of spiked culture with 200 L of phenylethylamine (source) topped off with 5 mL of 

Ecolite(+) scintillation cocktail (MP Biomedicals) and capped immediately. Incubations were 

terminated after 1 hour by switching off the lamps and adding 150 l of 12N HCl to each vial. All 

acidified samples were allowed to drive off inorganic carbon overnight in a fume hood and  topped 

off with 5 mL of Ecolite(+) and capped the next day for counting radioactivity on a Beckman 

Coulter LS6500 liquid scintillation counter.  

 Carbon productivity rates were calculated from disintegrations per minute (DPM) by the 

equation:  

Production (mg C l-1 hr-1)=(DPMsample/Volsample)*(W*VolTA/DPMTA)*(1.05/T), 

where DPMsample is the T0 corrected activity per sample, Volsample is volume of culture per sample, 

W is the DIC concentration of the culture, VolTA is volume of culture in TA samples, DPMTA is 

the activity per TA sample, 1.05 is the discrimination factor for lower uptake of 14C compared to 

12C, and T is the time duration of the incubations. The resulting P-E curves were parameterized 

and fit with the equations by Platt et al. (1980) using the Phytotools R-package.  
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Photosynthetic oxygen measurements 

 Oxygen production was measured on a Hansatech Oxy-lab Clark-type oxygen electrode 

operated with O2view software (Hansatech Instruments) to control illumination with a red LED 

and stirring within the water-jacketed chamber maintained at 18°C. Net oxygen production was 

measured by calculating the slope of oxygen concentration over 10 minutes of illumination with 

1000 mol photons m-2 sec-1, and respiration was measured for over 1 minute post-illumination. 

Gross oxygen production rate was calculated by the equation:  

O2gross = O2net – respiration 

Statistics 

 For oxygen measurements, paired t-test were carried out between control and 

concanamycin A treatments for each species (Fig. 2A), and one sample t-tests were carried out for 

% contribution of VHA for each species (Fig. 2B). P-values showing statistical differences are 

summarized in Table 3.1. 

 For P-E curves, paired t-test were carried out on parameterized values of Pmax 

(photosynthesis maximum), alpha (initial slope), and Ek (saturation irradiance) between control 

and concanamycin A treatments for all media and DIC conditions. P-values showing statistical 

differences are summarized in Table 3.2. 
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Chapter 3 Figures 

 

Fig. 3.1 Super-resolution confocal 3-D projections of T. pseudonana expressing VHAB tagged 

with eGFP. The presence of VHA is detected in the membranes surrounding the chloroplasts 

(yellow arrow), accumulation of PDMPO within the chloroplasts suggest an acidification of pH ≤ 

5.5 (blue arrows) at several cell stages (A-C). Green: VHAB-eGFP; red: chlorophyll; magenta: 

PDMPO; pink: co-localization of chlorophyll and PDMPO. Scale bar: 5 μm. 

Fig. 3.1: VHA localized around chloroplasts of T. pseudonana 
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Fig. 3.2 (A) Three averages of cellular oxygen evolution rates in T. pseudonana, P. tricornutum, 

Chlorella sp., and E. huxleyi. Inhibition of VHA was carried out by addition of 10 nM 

concanamycin A, control treatments contained equivlent amounts of DMSO (1L/mL). (B) 

Average calculated contribution of VHA to photosythesis in for each species. (Error bars = SEM; 

n = 3; asterisk denotes statistical significance). 

Fig. 3.2: Effect of VHA inhibition on oxygen production in marine phytoplankton 
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Fig. 3.3 Average calculated contributions of VHA to cellular carbon fixation rates in T. peudonana 

up to 1300 mol photons m-2 sec-1. Black lines represent measurements carried out under ambient 

DIC, and red lines represent measurements carried out under modified DIC in FSW or ASW media 

(n=3, except for ASW Day 1- 2.6 mM DIC where n=2; dotted lines= range). 

 

Fig. 3.3: Contribution of VHA to carbon fixation at different DIC and irradiance levels 
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Fig. 3.4 Diagram of a hypothetical model for a VHA mediated CCM in diatoms. Orange circles 

represent different isoforms of CAs which have been localized but whose activity has not yet been 

confirmed in T. pseudonana (7). Blue rectangles are for SLC4 isoforms which have been localized 

in the plasmalemma (10) but also suspected in the chloroplast membranes (unpublished data 

referenced in (25)) of P. tricornutum. Bicarbonate is brought into the cell by active transport 

through SLC4 in the plasmalemma, at pH 7.2-7.5 in the cytosol most of HCO3
- gets shuttle through 

SLC4 in the CER. Within the CER and PPM, pH ≤ 5.5 is achieved via proton pumping by VHA 

and much of the HCO3
- equilibrates towards CO2 which can diffuse inward to the pyrenoid and 

gets carboxylated by RuBisCO. Unequilibrated HCO3
- can continue to be shuttled to the pyrenoid 

by SLC4 which is potentially located within the chloroplast. The presence of CAs can generate 

CO2 at all times to maintain diffusion gradients in towards the pyrenoid. The compartmental 

abbreviations are: V-type H+-ATPase (VHA), carbonic anhydrase (CA), solute carrier 4 HCO3
- 

transporters (SLC4), chloroplast endoplasmic reticulum (CER), periplastid membrane (PPM), 

outer-chloroplast envelope (oCE), inner-chloroplast envelope (iCE), mitochondria (MITO), and 

nucleus (NUC). 

Fig. 3.4: Model for a VHA mediated CCM in diatoms 
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Chapter 3 Supplemental Figures 

 

Fig. S3.1 Time-course of transcriptomic profiles of VHA mRNA abundances in T. pseudonana 

during synchronized growth following silicon starvation (A-B), and during halted growth during 

silicon starvation (C-D). 

 

Fig. S3.1: VHA mRNA transcriptional profiles 
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Fig. S3.2 Culture conditions for T. pseudonana, P. tricornutum, Chlorella sp., and E. huxleyi 

cultured on F/2 supplemented natural seawater medium. 

Cultures of P. tricornutum, E. huxleyi, and Chlorella were grown alongside T. pseudonana 

for 3 days, after which they were diluted daily over four days to maintain cells in exponential 

growth for replicate measurements of oxygen production. In the first three days, growth was 

greatest in T. pseudonana, followed by Chlorella, E. huxleyi, and P. tricornutum. However, once 

dilutions began, both diatoms generally performed better than Chlorella, while E. huxleyi 

performed the worst with growth slowing after each dilution (Fig. S3.2A). Cellular chlorophyll 

content in the both diatoms remained relatively stable compared to Chlorella and E. huxleyi which 

began to accumulate chlorophyll during dilutions, likely due to light stress (Fig. S3.2B). DIC levels 

remained relatively stable across all days of culturing except in P. tricornutum which experienced 

a significant decrease to <1.5 mM CO2 during dilutions (Fig. S3.2C). As expected, there was an 

inverse relationship between pH and DIC, with a large increase in culture pH for P. tricornutum 

during dilutions, however, this did not appear to negatively affect cell growth (Fig. S3.2D). 

 

Fig. S3.2: Growth and culture conditions of marine phytoplankton 
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Fig. S3.3 Average cell normalized 14C PvE curves for T. pseudonana +/- 10 nM concanamycin A 

sampled over 3 days of culturing in FSW (A-C) and ASW medium with ambient DIC (D-F) (n=3 

except for ASW Day 1 control where n=2, error bars= SEM, dotted lines= range). 

Fig. S3.3: P-E plots for T. pseudonana in ambient DIC +/- concanamycin A  
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Fig. S3.4 Average cell normalized 14C PvE curves for T. pseudonana +/- 10 nM concanamycin A 

sampled over 3 days of culturing in FSW (A-C) and ASW medium with modified DIC (D-F) (n=3, 

error bars= SEM, dotted lines= range). 

Fig. S3.4: P-E plots for T. pseudonana in modified DIC +/- concanamycin A  
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Fig. S3.5 Culture conditions for T. pseudonana cultured on ASW and FSW medium (n=3, error 

bars= SEM).  

Cell counts and cellular chlorophyll content (indicating the photo-acclimation state of the 

cells) were similar between the two culture media in days 0-2 (Fig. S3.5A-B). This was despite 

measurements of water chemistry in the two culture media showing DIC concentrations in ASW 

were less than half that present FSW, and slightly more acidic across the four days measured (Fig. 

S3.5C-D). This observation suggests that T. pseudonana can adapt to wide range of DIC 

concentrations in order to satisfy the photosynthetic demands of the cell. Growth began to slow in 

FSW compared to ASW on day 3, likely due to lower nitrogen content in F/2 nutrient recipe. 

Fig. S3.5: Growth and culture conditions of T. pseudonana in FSW and ASW 
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Fig. S3.6 Curve fitting of average cell normalized 14C PvE rates for for T. pseudonana controls 

sampled over 3 days of culture in FSW and ASW medium (A-B), and recalculated curve fittings 

presented as a ratio to DIC in the media (C-D). 

 

Fig. S3.6: P-E curve fittings for T. pseudonana in FSW and ASW 
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Chapter 3 Tables 

Table 3.1 P-values for significant difference in gross O2 production between control and 

concanamycin A treatments (left), and %VHA contribution (right) (nd= no difference measured; 

n= 3). 

 

Table 3.1 P-values for gross O2 production 

Table 3.2 P-values for significant difference in cellular carbon fixation rates between control and 

concanamycin A treatments of various P-E curve fitting parameters (n= 3 were p-values are 

present; ns= not significant; n/a= low n prevented statistical analysis). 

 

Table 3.2 P-values for 14C P-E curves 

Chapter 3, in full, is in preparation for submission as Yee, D.P., Shimasaki, B.L., & 

Tresguerres, M. Evolution of a V-type H+-ATPase-mediated carbon concentrating mechanism in 

secondary endosymbiotic phytoplankton. The dissertation author was the primary investigator and 

author of this paper. 

  

%VHA contribution

P-value P-value summary P-value

T. pseudonana 0.009 ** 0.0013

P. tricornutum 0.0203 * 0.0015

E. huxleyi 0.0125 * 0.0031

Chlorella sp. nd nd nd

Paired t-test

Day 1 Day 2 Day 3 Day 1 Day 2 Day 3 Day 1 Day 2 Day 3 Day 1 Day 2 Day 3

Pmax 0.0058 0.0754 0.0056 0.0351 0.0347 0.0075 0.0742 0.1624 0.0015 n/a 0.046 0.8487

alpha 0.0023 0.0009 0.1138 0.005 0.0122 0.0499 0.0369 0.227 0.0155 n/a 0.0275 0.0203

Ek 0.0467 0.3246 0.9224 0.0039 0.0133 0.098 0.1253 0.7167 0.1077 n/a 0.0024 0.0214

Day 1 Day 2 Day 3 Day 1 Day 2 Day 3 Day 1 Day 2 Day 3 Day 1 Day 2 Day 3

Pmax ** ns ** * * ** ns ns ** n/a * ns

alpha ** *** ns ** * * * ns * n/a * *

Ek * ns ns ** * ns ns ns ns n/a ** *

 P-value

 P-value summary

F/2 ambient DIC F/2 reduced DIC ASW ambient DIC ASW reduced DIC

F/2 ambient DIC F/2 reduced DIC ASW ambient DIC ASW reduced DIC
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CHAPTER 4 

 

The potential roles of V‐type H+‐ATPase in the function diatom vacuoles 

 

Chapter 4: The potential roles of V‐type H+‐ATPase in the function diatom vacuoles 
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4.1 Abstract 

Vacuoles make up a significant portion of the cell volume and have long been purported 

as the site of nutrient accumulation in diatoms. In addition to providing a reservoir for storage, 

diatom vacuoles are used to provide buoyancy to offset the weight of their silica shells and enable 

vertical migration in the water column. Despite the many functions of the vacuole, little is known 

about the mechanisms that facilitate these roles. Fluorescent tagging of V-type H+-ATPase (VHA) 

in Thalassiosira pseudonana revealed a strong presence in vacuole tonoplasts at various cell 

stages. Pharmacological inhibition of VHA reduced pH in the vacuole, indicating a role for 

acidification in the function of the vacuole. Therefore, mechanisms of VHA mediated transport 

nitrogen, carbon, iron, and phosphorous through the vacuole are proposed with implications for 

buoyancy, nutrient metabolism, and sexual reproduction in diatoms. 

4.2 Introduction 

By their simplest definition, vacuoles are ubiquitous organelles in eukaryotic cells that 

provide a chemical environment separated from the cytoplasm. However, the specific 

physiological function of vacuoles varies depending on the cell type, organism, and environment 

they inhabit. The evolution of vacuolar functions is likely driven by conditions limiting cellular 

metabolism such as the availability of vital nutrients and the turnover of toxic compounds (1). 

Vacuoles also serve to increase cell size and the intracellular surface area to volume ratio, thereby 

enabling a higher capacity for unique biochemical reactions and cellular adaptations to occur. 

Because synthesizing vacuoles is energetically costly, the amount of vacuolization can vary across 

organisms. In plants, maintaining large vacuoles is advantageous for storing and concentrating 

nutrients that may otherwise be limiting in the environment. 
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This paradigm holds true for large vacuoles in diatoms, whose planktonic lifestyles depend 

heavily on the seasonal and physical ocean processes to obtain nutrients for growth. Nevertheless, 

diatoms have overcome these challenges and become some of the most successful primary 

producers on the planet (2, 3). Some of the strategies of diatoms include the use of silica, an 

abundant yet underutilized mineral, as a substrate for building their protective cell walls called 

frustules, and the operation of a robust carbon concentrating mechanism (CCM); these features 

were presented in Chapters 2 and 3 respectively. Additionally, diatoms are able to adjust their 

metabolism for storing nutrients during and after blooms, and can also transition to a vegetative 

state in response to prolonged nutrient stress by forming resting spores that reproduce sexually (4). 

Diatoms possess large vacuoles which can make up to 90% of the cells’ total volume (5). In 

addition to storing nutrients, diatom vacuoles are also important for maintaining buoyancy within 

the water column. Indeed, the large diatom vacuoles can be filled up with “light” ions such as Na+, 

NH4
+, and H+ that offset their heavy silicified frustules (1). It has been proposed that having large 

vacuoles in combination with a silica frustule enables a “large yet small” strategy whereby diatoms 

can remain physically large to avoid grazing predation while maintaining a reduced cytoplasm and 

an associated “small” metabolism (6). Although the diatom vacuole is known to be acidic (7), the 

molecular mechanisms that mediate the transport of molecules across the vacuolar membrane 

(known as the tonoplast) remain poorly understood. While several eukaryotic transporters may 

energize molecular activities in the vacuole, a leading candidate is the V-type H+-ATPase (VHA) 

which is an evolutionarily conserved multi-subunit proton pump that regulates the pH of various 

intracellular compartments in eukaryotic cells (8), and which I identified as essential for diatom 

frustule formation and CCM in Chapters 2 and 3, respectively. In this chapter, I have reviewed the 
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literature about putative vacuolar biomechanisms in diatoms and provide results supporting a role 

of VHA in these processes. 

VHA localization and function in diatom vacuoles 

In plant vacuoles, VHA can serve in secondary active transport of molecules to facilitate 

nutrient storage (9) and osmolyte transport for generating turgor pressure for cell expansion (10, 

11). While it has been suggested that VHA functions in diatom vacuoles for nitrogen uptake (12), 

past studies tagging the c-subunit with enhanced green fluorescent protein (eGFP) did not detect 

the enzyme in the tonoplast of the marine diatom Phaeodactylum tricornutum (13). 

As described in Chapter 2, transgenic Thalassiosira pseudonana expressing VHA subunit 

B with eGFP (VHAB-eGFP) allowed me to visualize the presence of VHA in multiple subcellular 

compartments including the tonoplast of vacuoles, which were identified by staining with the 

vacuolar marker CMAC-Ala-Pro (Fig. 4.1). Based on the accumulation and fluorescence of the 

acidotropic pH stain PDMPO, the intra-vacuolar pH was ≤ 5.5 (Fig. 4.2A-B). Furthermore, 

application of the specific VHA inhibitor concanamycin A completely abolished the PDMPO 

signal in the vacuole (Fig. 4.2C-D). The presence of VHA in the tonoplast together with the 

observed concanamycin-dependent vacuolar PDMPO accumulation indicates that VHA plays an 

important role in vacuolar acidification, and provides the foundation for predicting potential roles 

in various vacuolar functions. 

Nitrogen metabolism and nitrate storage 

Nitrogen is known to limit phytoplankton productivity in the oceans, therefore, it is crucial 

that diatoms have a way to sequester nitrogen when it becomes available. While there is an 

energetic preference for NH4
+, NO3

- is the more abundant in seawater. Nitrate uptake and 

assimilation is directly connected to photosynthetically driven carbon metabolism and the 
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synthesis of amino acids. However, in experiments with diatoms grown on diel cycles, diatoms 

have been shown to uptake NO3
- even in the dark (14). Additionally, it has been shown that several 

diatom species increase NO3
- uptake rates when extracellular concentrations are above 60 mol N 

L-1, and likely partition NO3
-  into vacuoles (15). Nitrate has been reported to make up ~84% of 

inorganic nitrogen pools (15), and as high at 99% in T. pseudonana grown exponentially (16). The 

uptake of NO3
- into the cytoplasm is known to occur by diffusion and carrier mediated transport. 

In the diatom Cylindratheca fusiformis three NO3
- transporters (NRT1/2/3) have been 

characterized (17) and are also found in the genome of T. pseudonana. However, most studies of 

nitrogen metabolism in diatoms involve nitrogen reductases, such as nitrate reductase, which has 

been localized to the plasmamembrane and cytoplasm of diatoms to reduce NO3
- to NO2

- (18, 19). 

Meanwhile, mechanisms of storing NO3
- in diatom vacuoles remain unknown. 

Intriguingly, VHA mediated NO3
-
 storage has been demonstrated in plants where mutants 

for in VHA subunits targeting the vacuole led to reduced vacuolar NO3
-
 content (9). This activity 

was later linked to a voltage-gated chloride channel (CLC) that behaves as a NO3
-/H+ exchanger 

in which proton pumping into the vacuole drives the exchange of NO3
-
 into the vacuole (20). In 

the pennate diatom P. tricornutum, nitrate reductase mutants upregulated transcripts of putative 

CLC-NO3
- transporters along with several VHA subunits (12). Furthermore, mutants had swollen 

vacuoles, which was attributed to an inability to reduce NO3
- to NO2

- for metabolism, resulting in 

vacuolar accumulation of NO3
-. The authors proposed that NO3

- transport into the vacuoles is 

mediated by CLC-NO3
- transporters coupled to VHA, and that NO3

- accumulation is partly 

responsible for swelling of the vacuoles. Based on this combined evidence, the diagram in Fig. 

4.3A shows a model for the secondary active transport of NO3
- into the diatom vacuole. In this 
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model, NRT imports NO3
- into the cytosol which is shuttled into the vacuole by VHA mediated 

secondary active transport through CLC NO3
-/H+ exchangers. 

Ammonium storage 

While vacuolar NO3
- accumulation in diatoms be essential for survival, it is an unlikely 

strategy for actively growing cells. Due to its mass, a large concentration of NO3
- in the vacuole 

would offset buoyancy, causing cells to sink out of the photic zone. Alternatively, the accumulation 

of NH3/NH4
+ in vacuoles would be a “lighter” way to store nitrogen in the cell. Despite NH4

+ 

concentrations being much lower than NO3
- in seawater, diatoms can preferentially uptake NH4

+ 

(21). Therefore, a mechanism for accumulating NH3/NH4
+ in diatom vacuoles may also exist. 

In eukaryotes, NH4
+ is shuttled through ammonium transporters (AMT) and have been 

characterized in the marine diatom Cylindrotheca fusiformis (22). Expression of AMT mRNA has 

been shown to be constitutive under various nitrogen conditions but particularly upregulated in 

response to N-limitation in several diatom species (23). In plants, the mechanism of AMT1 was 

shown to function as a NH4
+ uniporter or NH3/H

+ cotransporter and was in the plasma membrane 

of root cells (24). Meanwhile, diatoms also possess aquaporin (AQP) channels which can transport 

CO2/NH3 by diffusion gradients. In T. pseudonana, AQP1 has been localized to the tonoplast while 

AQP2 was present in both the tonoplast and chloroplast ER (25). 

Alkylamine tracer studies have shown that diatoms can accumulate NH4
+ at high 

concentrations within the cell, and speculated that the acidic environment of vacuoles generated 

by proton pumps is an ideal storage location for NH4
+ and other weak bases (7). Given that strong 

preference for NH4
+ utilization of many diatoms, and the presence of AQPs in the tonoplast, I 

propose VHA promotes NH4
+ storage in diatom vacuoles. For actively growing cells were NH4

+ 

is preferentially used, NH4
+ is imported through plasma membrane AMT1 transporters. In order 
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to prevent NH4
+ from equilibrating towards NH3 it must be shuttled into an acidic compartment 

such as vacuoles and chloroplasts. From the cytosol, NH3/NH4
+ diffuses through tonoplast AQP 

channels via electrochemical gradients where the acidic environment of the vacuole converts all 

NH3 to NH4
+ for storage (Fig. 4.3B). Simultaneously, NH3/NH4

+ also diffuses through AQP in the 

ER membrane where it can be used for amino acid synthesis in chloroplasts. The ability to 

sequester NH4
+ in the vacuole can further help diatoms outcompete other phytoplankton in nature. 

Chrysolaminarin storage 

During silicon or nitrogen starvation diatoms halt their growth and redirect their carbon 

metabolism towards the production of storage molecules such as lipids and carbohydrates (26, 27). 

The major storage carbohydrate found in diatoms is a water soluble β-1,3-glucan called 

chrysolaminarin. Chrysolaminarin is synthesized from uridine diphosphate (UDP)-glucose by the 

UDP-glucose pyrophosphorylase (UGP) and chrysolaminarin synthase (CS) enzymes (28, 29). 

Following synthesis, chrysolaminarin molecules are linked and assembled by 1,6- β-

transglycosylases (TGS) found in the tonoplast (30) and stored in vacuoles (31). 

While accumulation of chrysolaminarin occurs in the vacuole, it is unknown whether synthesis 

takes place in the chloroplast, cytosol, or vacuole. In all scenarios, glucose or β-1,3-glucan would 

need to be transported through the tonoplast. While the presence of ABC glucan transporters (32, 

33) are unknown, the glucose transporters (GLUT) are have been identified in diatom genomes 

(Thaps3_3268472; Thaps3_269158) (34). Based on this information, I propose that glucose 

derived from photosynthesis diffuses from chloroplasts to vacuoles through GLUT3 transporters. 

In the vacuole, glucose is synthesized into chrysolaminarin in a cascading pathway involving UGP, 

CS, and TGS (Fig. 4.3C). Although glucose is transported via facilitated diffusion through GLUT, 

the viscosity of β-glucans is known to increase under acidic pH(35). The enhanced stability of 



 

70 
 

chrysolaminarin under acidic pH may increase the rate of chrysolaminarin synthesis and promote 

diffusion of glucose through GLUT3, making the vacuole’s acidic environment ideal for storing 

chrysolaminarin. 

Iron storage 

Iron is recognized as a major limiting nutrient to diatom productivity in the oceans. In high-

nutrient low-chlorophyll (HNLC) waters, iron fertilization has been found to stimulate diatom 

blooms (36–38). Therefore, diatoms must have evolved robust uptake and storage mechanisms to 

compete for iron once it becomes available (39). While iron storage is carried out by ferritin in the 

pennate diatom P. tricornutum, it appears to be absent T. pseudonana and other centric diatoms 

(40). A putative natural resistance-associated macrophage protein (NRAMP) gene identified in T. 

pseudonana but not P. tricornutum, was significantly upregulated in response to increased iron 

availability (41). NRAMPs are proton-coupled metal-ion transporters which shuttle Fe(II) and 

other divalent metals (42). In Arabidopsis seedlings, NRAMPs function in releasing iron stores 

from vacuoles (43). Given that iron stores have been identified in the vacuoles of two centric 

diatoms T. pseudonana and Thalassiosira weissflogii (44), I propose that following iron 

sequestration, VHA provides the proton motive forces for  H+ coupled iron transport out of 

vacuoles through NRAMPS found in tonoplast of centric diatoms (Fig. 4.3D). 

Phosphate storage 

Although phosphorous is not as limiting as nitrogen and iron for phytoplankton growth in 

the environment, it is still an important nutrient that is vital to many cellular processes including 

the synthesis of proteins, nucleic acids, and phospholipids. While diatoms have evolved to 

sequester various nutrients away from competitors, some evidence suggests they are less efficient 

at storing phosphate (45). However, experiments investigating the responses of diatoms to P-
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limitation reveal strong shifts in phosphorous metabolism (46, 47). From these studies vacuolar 

transporter chaperone (VTC) and vacuolar phosphate transporter (VPT) 1 have been found to be 

transcriptionally upregulated under P-limitation, and VPT1 and VTC2 were recently localized in 

the tonoplast of P. tricornutum (48). The study also identified two H+/P co-transporters (PtHP1/2) 

in which PtHP2 was targeted to the plasma membrane while PtHP1 localization remains 

unconfirmed. 

In yeast, VTCs are present in the vacuolar membrane to produce the storage compound 

polyphosphate (49). Meanwhile in plants, VPT1 was found to mediate phosphate transport into 

vacuoles (50), while orthologs of PtHP facilitating proton coupled efflux of phosphate out of the 

vacuole (51). Polyphosphate has been demonstrated to accumulate as a storage molecule in 

diatoms (52) and is likely stored in the vacuole. Therefore, I propose a mechanism similar to plants 

where phosphate entering the vacuole through VPT1 provides the substrate for VTC to produce 

polyphosphate, afterwards phosphate is distributed from the vacuole by proton coupled efflux 

through H+/P cotransporters driven by secondary active transport of protons by VHA (Fig. 4.3E). 

Buoyancy & Auxosporulation 

Diatoms play a significant role in carbon and nutrient export from surface waters and 

biogeochemical cycles in the ocean (37, 53, 54). The sinking of diatom biomass after massive 

blooms is due to their large size and weight of silica frustules. However, in actively growing cells, 

diatoms may exhibit vertical migratory behaviors based on the distribution of nutrients and light 

in the water column by modulation their buoyancy (55). One way diatoms can regulate their 

buoyancy is by the storing lighter or heavier ions in their large vacuoles (1). A study of osmolyte 

composition from different phytoplankton found that positively buoyant phytoplankton tended to 

contain ammonium versus negatively buoyant phytoplankton which contained more carbohydrates 
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(56). This observation is consistent with the physiology of nitrogen metabolism in diatoms where 

actively growing cells switch from ammonium utilization to nitrate accumulation in vacuoles to 

induce sinking following N-limitation. Furthermore, N-limitation also results in a shift in carbon 

metabolism to accumulation chrysolaminarin in vacuoles which would also reduce buoyancy in 

the cell. 

Indeed, the end of a phytoplankton bloom is usually marked by the exhaustion of nutrients 

and a shift in metabolism resulting in the loss of buoyancy and sinking of diatom cells. Another 

occurrence is the transformation of diatoms from a state of vegetative asexual cell division to 

resting auxospores which reproduce sexually. Auxosporulation has been observed in both centric 

and pennate diatom species (4, 57–59) which occurs after the fertilization of a large oocyte by a 

small flagellated spermatocyte, and is important for restoring cell size after generational shrinking 

after repeated cell divisions and mating of genetic traits (60, 61). Auxospores are characterized by 

a large vacuoles which restrict other organelles to a thin peripheral band of cytoplasm adjacent to 

the plasma membrane (62). As the early spore enlarges, it breaks out of the parent frustule and 

balloons to a spherical shape lacking a cell wall, but eventually synthesizes siliceous scales as it 

matures. In cultures of T. pseudonana expressing VHAB-eGFP, cells undergoing auxosporulation 

have been observed with VHA in the tonoplast of the large vacuoles along with SDV membranes 

synthesizing siliceous scales (Fig. 4.4). Based on similar mechanisms in vegetative diatom cells 

proposed in this chapter, I propose that VHA drives the import of osmolytes through various 

transporters to aide in buoyancy, nutrient accumulation, and expansion of vacuoles. 

In natural diatom assemblages following nitrogen limitation, vegetative cells were 

observed to sink as they transitioned to sexual reproduction but would rise back to the photic zone 

after auxosporulation (63). While phosphorous appears to remain constant, there are minor 
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increases in nitrogen and large increases in silicic acid quotas in auxospores following N- and P-

limitation (4). While increase in silicic acid is likely due to production of siliceous scales, the 

increase in nitrogen may be due to changes in nitrogen metabolism and buoyancy. Since 

ammonium compounds have been suggested to provide buoyancy in diatom cells (55, 56), I 

propose that the NH3/NH4
+ transport mechanism presented in Fig. 4.3B also serves to regulate 

buoyancy in auxospores. 

4.3 Conclusion 

Mechanistic understanding of vacuolar function in diatoms is limited, and in this chapter, 

I present multiple functions of vacuoles in diatom biology. Localization of VHA to the tonoplast 

in T. pseudonana suggests acidification plays an important role in the physiological functions of 

the vacuole. In plants and other unicellular eukaryotes with large vacuoles, VHA has been shown 

to play a crucial role in the transport of different solutes through tonoplasts. A combination of 

literature reviews and my localization data showing VHA acidifies of diatom vacuoles enabled me 

to generate multiple hypothesis for VHA mediated nitrogen, carbon, iron, and phosphate transport 

through the vacuole. I also show that VHA is present in diatom auxospores and is active in 

acidifying vacuoles where it may function in generating buoyancy by facilitating vacuolar 

expansion and storage of osmolytes such as NH4
+. While it is hard to imagine the vacuole being 

so multifunctional, linking all of these functions to VHA opens the possibility of these mechanisms 

taking place simultaneously over a range of cell physiologies. There is also evidence that diatoms 

possess different types of vacuoles which further broadens the range of possibilities (31). Overall, 

these preliminary results and observations highlights the importance of pH regulating mechanisms 

in the cell. Future work to characterize the role of VHA in these roles should measure the effects 
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of blocking VHA on nutrient accumulation and buoyancy. In doing so we may begin to better 

understand the dynamic and multifunctional role vacuoles serve in diatom cells. 

4.4 Methods and Materials 

Culture conditions 

Cultures of T. pseudonana (CCMP1335) expressing VHAB-eGFP were grown axenically 

in ASW medium supplemented with 1 mM Na2SiO3 or F/2 medium prepared with natural seawater 

filtered from the Scripps Pier. Cultures were maintained in 50 ml volumes in 125 mL Erlenmeyer 

flasks on an orbital shaker under continuous illumination by cool-white fluorescent lamps at 70 

mol photons m-2 s-1 at 18˚C. 

Transgenic diatoms expressing fluorescently labeled VHAB 

VHA subunit B labelled with eGFP was expressed under the control of the fcp promoter. 

For Thaps3_40522 (VHAB) the full-length coding sequence of the gene was amplified from T. 

pseudonana genomic DNA, and cloned into Gateway destination vector pMHL_79 with eGFP at 

the end of the coding sequence. The final vector was co-transformed with a pMHL_09 expressing 

the nat1 gene which confers nourseothriscin resistance by biolistic gene gun method (64). Liquid 

cultures grown in ASW medium containing 100 g/ml nourseothriscin were enriched for cells 

expressing eGFP using several rounds of fluorescence-activated cell sorting on a BD Influx Cell 

Sorter (BD Biosciences), from which single colonies expressing eGFP were selected for on ASW 

agar plates containing nourseothriscin. 

Fluorescence microscopy 

Epifluoresence microcopy was used for T. pseudonana expressing VHAB-eGFP were 

stained with vacuolar stain (7-amino-4-chloromethylcoumarin, L-alanyl-L-proline amide 

(CMAC-Ala-Pro) (ThermoFisher Scientific) for a final concentration of 0.1 M. The images were 
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collected with an Zeiss Axio Observer.Z1 inverted microscope, and filter sets used for GFP was 

Zeiss #38HE (Ex 470/40 nm, FT 495 nm, Em 525/ 50 nm), for CMAC-Ala-Pro was Zeiss #21HE 

(Ex 387/15 nm, FT 409 nm, Em 510/90 nm), and for Chl autofluorescence was Zeiss #05 (Ex 395-

440 nm, FT 460 nm, Em 470 nm). 

Super-resolution confocal microscopy was used for T. pseudonana expressing VHAB-

eGFP stained with the acidotropic pH stain 2-(4-pyridyl)-5-((4-(2-dimethylaminoethyl-

aminocarbamoyl)methoxy)phenyl)oxazole (PDMPO); LysoSensor YellowBlue DND-160 (Life 

Technologies) at a final concentration of 0.125 M. Concanamycin A (Adipogen Life Sciences) 

was added at a final concentration of 10 nM in VHA inhibited cells. Cells were then transferred to 

a 35 mm poly-d-lysine coated glass bottom petri dish and mounted on a Warner Instruments QE-

1HC Quick Exchange Heated/Cooled stage chamber controlled by CL-200 Dual Channel 

Temperature Controller maintained at 18 °C.  Cells were imaged with a Zeiss LSM800 inverted 

confocal microscope equipped with a Zeiss Plan-Apochromat 63× (1.4) Oil DIC M27 objective, 

and Zeiss Airyscan super-resolution detector. Z-stacks of three channels were acquired to monitor 

eGFP (Ex 488 nm with 0.3% laser power, Em 509 nm, detection 490-535 nm), PDMPO (Ex 335 

nm at 0.5% laser power, Em 530 nm, detection 550-650 nm), and chlorophyll (Ex 488 nm with 

0.2% laser power, Em 667 nm, detection 450-700 nm) fluorescence. 
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Chapter 4 Figures 

 

Fig. 4.1 Localization of VHA in vacuole tonoplasts of T. pseudonana expressing VHAB-eGFP. 

The VHA is present in the tonoplasts (yellow arrows) of various sized vacuoles marked by CMAC-

Ala-Pro. It is also present the SDV silicalemma (B; white arrow)) and chloroplast (C; red arrow), 

highlighting the multiple roles VHA is known to function in diatoms. Green: VHAB-eGFP; red: 

chlorophyll; magenta: CMAC-Ala-Pro; white: co-localization of VHA and CMAC-Ala-Pro. Scale 

bar: 5 μm. 

Fig. 4.1: VHA localized in vacuoles tonoplasts of T. pseudonana 
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Fig. 4.2 Super-resolution confocal 3-D projections of T. pseudonana expressing VHAB tagged 

with eGFP. The presence of VHA is detected in the vacuole tonoplast, accumulation of PDMPO 

within the vacuole suggest an acidification of pH ≤ 5.5 (red arrows) on control cell (A-B), however 

a lack of PDMPO in the vacuoles (yellow arrows) in concanamycin A treated cells (C-D) suggest 

an inactivation of proton pumping into the vacuoles. Green: VHAB-eGFP; red: chlorophyll; 

magenta: PDMPO; pink: co-localization of chlorophyll and PDMPO; white: co-localization of 

VHA and PDMPO. Scale bar: 5 μm. 

Fig. 4.2: VHA localized in vacuole tonoplasts of T. pseudonana +/- concanamycin A 
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Fig. 4.3 Diagram of a hypothetical model for a VHA mediated solute transport in diatom vacuoles. 

(A) NO3
- is imported to the cytosol by plasmalemma NRT then shuttled into the vacuole by 

secondary active transport by VHA through tonoplast CLC NO3
-/H+ exchangers. (B) NH4

 is 

imported to the cytosol through plasmalemma AMT where some of it equilibrates to NH3
- and 

diffuses into vacuoles or chloroplasts through AQPs where it equilibrates to NH4 under acidic 

conditions and gets trapped. (C) Glucose is transported from the chloroplast and into the vacuole 

through GLUTs and gets synthesized into chrysolaminarin by the UGP-CS-TGS cascade, 

chrysolaminarin is stabilized and condensed for storage by the acidic environment of the vacuole. 

(D) Fe(II) that has been accumulated in the vacuole by an unknown mechanism is redistributed 

back to the cell by H+-coupled transport through tonoplast NRAMP. (This mechanism is exclusive 

to centric diatoms) (E) PO4
3- in the cytosol enters the vacuole by facilitated diffusion through 

tonoplast VPT and is synthesized into polyphosphate by VTC for storage. Afterwards, an 

unidentified PPase breaks down polyphosphate into PO4
3- which is shuttled back to the cytosol by 

proton coupled transport via tonoplast H+/P. The compartmental abbreviations are: V-type H+-

ATPase (VHA), nitrate transporter (NRT), chloride channel NO3
-/H+ exchanger (CLC), 

ammonium transporter (AMT), CO2/NH3
- aquaporin channel (AQP), glucose transporter (GLUT), 

UDP-glucose pyrophosphorylase (UGP), chrysolaminarin synthase (CS), 1,6-b-transglycosylases 

(TGS), natural resistance-associated macrophage protein (NRAMP), vacuolar phosphate 

transporter (VPT), vacuolar transporter chaperone (VTC), generic phosphatase (PPase), H+/P 

cotransporter (H+/P), mitochondria (MITO), and nucleus (NUC). 

Fig. 4.3: Model for a VHA mediated vacuolar transport in diatoms 
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Fig. 4.4 Super-resolution confocal 3-D projections of a T. pseudonana auxospore expressing 

VHAB tagged with eGFP. The presence of VHA is detected in the vacuole tonoplast, accumulation 

of PDMPO within the vacuole suggest an acidification of pH ≤ 5.5 (yellow arrow), PDMPO is 

also strongly co-localized with VHA in the SDVs of biomineralizing siliceous scales (red arrows). 

Green: VHAB-eGFP; red: chlorophyll; magenta: PDMPO; white: co-localization of VHA and 

PDMPO. Scale bar: 5 μm. 

 

 

Fig. 4.4: VHA localized in vacuole tonoplasts of a T. pseudonana auxospore 
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Conclusion  

 

Chapter 5: Conclusion  
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5.1 Dissertation synopsis 

 Studying the breadth of molecular mechanisms carried out in diatoms is key to 

understanding the ecology and biogeochemistry of earth’s oceans and atmospheres. Due to their 

rapid growth and ability to form dense blooms, diatoms play a significant role in primary 

production and turnover of various nutrients in the oceans. Therefore, studying the mechanisms 

that enable their productivity may allow us to predict how diatoms will respond to climate change 

and influence the health of the planet. Advances in diatom genomic tools over the past two decades 

have given researchers an unprecedented view into the molecular life of diatoms, but we are just 

beginning to understand their biological origins spanning over 250 million years of evolution. This 

dissertation aims to bridge the some of the gaps in molecular knowledge by linking genotype to 

phenotype of several defining diatom physiologies including silica biomineralization, 

photosynthesis, and nutrient storage. Specifically, this work focused on the functional 

characterization of V-type H+-ATPase (VHA), an evolutionarily conserved proton pump and pH 

regulation enzyme in the marine diatom, Thalassiosira pseudonana.  

 In Chapter 2, VHA was functionally characterized in the role of acidifying the silica 

deposition vesicle (SDV) to promote the biosynthesis of silica frustules (1). The use of advanced 

microscopy techniques including epifluorescence and super-resolution confocal microscopy were 

crucial for studying fluorescently tagged proteins through space and time. Culture manipulation 

by silicon starvation and VHA inhibition with concanamycin A was used to study the dynamics of 

VHA and its influence on SAP1, and valve morphology in synchronized cells. The VHA proton 

pump was observed to dynamically translocate from vacuole tonoplasts to the silicalemma in order 

to acidify the SDV. Acidification of the SDV was found to coincide with peak silica 

biomineralization in the cell cycle, and also involved in trafficking SAP1 containing vesicles from 
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the cytosol to the SDV. Electron micrographs of diatom valves showed a reduction in valve 

development and deformities in structure when VHA was partially inhibited. Overall, this chapter 

addressed long-standing questions within the field of diatom silicification such as the origins of 

the SDV membrane and how the SDV becomes acidified. We also identified that VHA, either by 

pH regulation or its localization to the silicalemma plays a role in trafficking other silica 

biomineralizing proteins to the SDV.  

 In Chapter 3, VHA was shown to participate in the CCM for photosynthesis. Protein 

localization in T. pseudonana expressing VHAB-eGFP showed VHA surrounding chloroplasts also 

marked with the acidotropic pH stain PDMPO, indicating an acidification of the organelle. 

Physiological characterization of VHA’s role in photosynthesis was carried out by measuring 

oxygen production and carbon fixation under various biotic and abiotic conditions with the VHA 

inhibitor concanamycin A. Enhancement of photosynthesis by VHA was measured over a range 

of environmentally relevant conditions and was shown to respond to changes in DIC and 

irradiance. Similar mechanisms for VHA enhanced photosynthesis were observed in another 

diatom and coccolithophore but not a chlorophyte, suggesting this is a conserved mechanism of 

secondary endosymbiosis of red algal symbionts. Furthermore, analogous mechanisms involving 

VHA in coral and giant clam photosymbioses suggest a convergent evolutionary utilization of 

VHA in aquatic photosynthesis. Given the widespread distribution of blooming diatoms and 

coccolithophores, and the importance of tropical coral reef ecosystems, the impact of VHA on 

global primary production is bound to be immense.  

 In Chapter 4, I explored the role of proton pumping and acidification by VHA in the diverse 

functions of the diatom vacuole. Localization of VHA to the tonoplast vacuole was reported in 

Chapter 2 and 3, and observed throughout various stages of the cell cycle including 
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auxosporulation. A functional observation for VHA was made where incubation of cells with 

concanamycin A blocked the accumulation of PDMPO and reduced acidification in the vacuole. 

An in-depth review of literature covering biological and ecological theories for vacuolization, 

solute transporters in plant, yeast, and diatom models resulted in generating an up-to-date 

hypothetical model for how diatoms may utilize the proton pump to store and move molecules 

through their vacuoles. While the link between VHA acidification and the operation of these 

various mechanisms remain to be proven, these hypotheses provide a launching point for many 

studies of the vacuole to follow. Because the vacuole is hypothesized to carry out such diverse 

functions it will be important to test the effect of VHA inhibition in these roles under 

physiologically relevant conditions. For example, whether diatoms store nitrate or ammonium in 

the vacuole could depend on nitrogen status of the media and metabolic activity in exponentially 

growing versus stationary cells.  

 In this dissertation, I was able to identify VHA in three distinct organelle membranes of 

the diatom cell and describe a mechanism for its action in the SDV and chloroplasts. However, the 

question remains of how the cell regulates the activity of VHA to serve in multiple functions? Is 

there a single pool of VHA shared across the various organelles, or are there membrane specific 

isoforms that target the protein in different locations? It has been shown that VHA isoforms are 

differentially targeted in plants (2) and led to the hypothesis that assembly of the proteolipid ring 

with different combinations of the c subunit may influence where VHA is localized (3). Of the 

seven c/c” subunit isoforms found in the genome of T. pseudonana (4), I was able to clone and 

express one c and one c” subunit tagged with eGFP. A preliminary look at the protein localizations 

appear to show both proteins in the chloroplast ER, while VHA-c also looks to be distributed 

within the chloroplast (Fig. 5.1). The signal in the ER, however, may be an artifact of the tagged 
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protein getting trapped in the membrane since eGFP is more than twice the size of the c subunit. 

While these results support the role of VHA in photosynthesis described in Chapter 3, the 

hypothesis that c subunit isoforms differentially target VHA remains unconfirmed. Further work 

to answer this question will require localization of the remaining c subunits.   

There is no single reason that explains the success and dominance of diatoms over other 

phytoplankton. However, by leveraging advances in genomics and high-throughput sequencing 

with multiscale cellular imaging, work carried out here establishes VHA as a major pH regulating 

enzyme in diatoms, and addresses many questions regarding the role of pH regulation in diatom 

biology. Collectively, the mechanisms described in this dissertation highlight how a single enzyme 

can operate in multiple physiologies of the cell. Physiologies that help diatoms build a protective 

shell out of silica, concentrate CO2 to enhance photosynthetic efficiency and production, and store 

nutrients and provide buoyancy for the cell. The work to functionally characterize the proteins 

encoded in diatom genomes remains an enormous task for biologists. However, insights gained 

will help us understand how diatoms impact the environment and predict how different 

phytoplankton populations will respond to a changing climate.  

5.2 Methods and Materials 

Transgenic diatoms expressing fluorescently labeled VHA 

VHA subunit c and c” labelled with eGFP was expressed under the control of the fcp 

promoter. For Thaps3_261500 (VHAc) and Thaps3_264807 (VHAc”) the full-length coding 

sequence of the gene was amplified from T. pseudonana genomic DNA, and cloned into Gateway 

destination vector pMHL_79 with eGFP at the end of the coding sequence. The final vector was 

co-transformed with a pMHL_09 expressing the nat1 gene which confers nourseothriscin 

resistance by biolistic gene gun method (5). Liquid cultures grown in ASW medium containing 
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100 g/ml nourseothriscin were enriched for cells expressing eGFP using several rounds of 

fluorescence-activated cell sorting on a BD Influx Cell Sorter (BD Biosciences), from which single 

colonies expressing eGFP were selected for on ASW agar plates containing nourseothriscin. 

Fluorescence microscopy 

Super-resolution confocal microscopy was used for T. pseudonana expressing VHAc-

eGFP and VHAc”-eGFP. Cells were then transferred to a 35 mm poly-d-lysine coated glass bottom 

petri dish and mounted on a Warner Instruments QE-1HC Quick Exchange Heated/Cooled stage 

chamber controlled by CL-200 Dual Channel Temperature Controller maintained at 18 °C.  Cells 

were imaged with a Zeiss LSM800 inverted confocal microscope equipped with a Zeiss Plan-

Apochromat 63× (1.4) Oil DIC M27 objective, and Zeiss Airyscan super-resolution detector. Z-

stacks of three channels were acquired to monitor eGFP (Ex 488 nm with 0.3% laser power, Em 

509 nm, detection 490-535 nm), and chlorophyll (Ex 488 nm with 0.2% laser power, Em 667 nm, 

detection 450-700 nm) fluorescence. 
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Chapter 5 Figures 

 

Fig 5.1 Super-resolution confocal 3-D projections of T. pseudonana expressing (A-B) VHA 

subunit c tagged with eGFP, and (C-D) VHA subunit c” tagged with eGFP. Green: VHAB-eGFP; 

red: chlorophyll. Scale bar: 5 μm. 

Fig. 5.1: Localization of VHA subunits c and c”  




